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Acttvatlaii-lndaoed death of T cells recolatcs imnniiie responses and ia considered to Invotre i^ptosb (ndueed |>y Ggatton of As 
and TNF receptoore. Hie role of other reccplon in rifflialinc T ceD death Is less dear. In this study we demonstrate that activation 
of spedfie epitopes on the Ig variable domain of CD47 rapidly indnces apoptosis of T cells. A ncrw mAJb, Ad22| Co tills site induces 
apoptosis of Jnrfcat cells and CDSe-stimalated FBMC, as determined by morphological changes, phosphatldylserlne exposure on 
.the ecu sar&ce, uptake of propidium Iodide, and true counts by flo vr cytometry. In contrast, apoptosis was not observed following 
cultui?e with antM3>47 mAbs 203 or BtiH12 dhrvcted to a distant or eiooely a^Jac^t ref^lon, respedlTdy. GD47-4ttefiated cdl 
death was hidepcndcBt of CD3,'Ca>4» CMS, or p5^ hrrolventtitt as demonstrated by studies .wltfi Variant Jmrhat cell Unes 
deadcnt la tliese signaling patiiways;. Bowerer, collation of CII3C and CD47. enhanced ^osphatl^flserine eacteraalizatlan on 
Jurkat cells with AincUoaal €3)9. Fkirthemiore, nqnnai T ccib required pteactivalioa to respond with CM74ndnced apoptods. 
GD47-mcdiated cell death appeared to proceed independent of Fks or T^(F reoqitor slgnalh^and dldnot Inviflve characteristic 
DNA firagmcnutlon or reqjnfrement for II^ip-conTertii^ 

that nnder appropriate coodlOons. CM? iKtiratioii results in very rapid T oeD deaOi, apparently mrdleted by a nord apoptotie 
pathway. Thns» CD47 may be critlcaHy Invotved In contmfflng the fate of activated T cdls, Tk€ Journal ^flmmtmokgy, 1999,1^ 
7031-7040. 



TceU lespooses to TCR-pcpdde/MHC mtBractiqias criti-. 
cally depcpd on the invidvemeat of accessory mrfecidea. 
Fonctional T cell acUvalion requties a seoond signal pro- 
vided by intevactioos .of costfanulstosy mnkcolcs wilh distinct dif* 
fetentiadoa* Ags pieseated 1^ APC (1-4). In this oontaxt, coHga- 
don of the TCR by Ag aiid of CD28 by the B7 family of 
countedigands oprffMcd on APC pcovides rignnlitig for inxtiadoa 

cell deaih dudng induction of target ceU lysis (5-11). Bxpedments 
With CI>2B-deficient mice suggest that also other mnlmilfti may 
provide oosdmulation, as thete mice genenled CTl4 in nnxHise 
to ^ymphooytio chooomeain^tia* vhus (12). In odutnst* TCB. en- 

gageou»t hi the absence of pn^ cosctivaliQa inay ind 
aneigy and ddeUon via apoptotie ceD deadi (1^15), 

Negative regulstop of T cell acdvstion and mnkyiilfts indwcing 
cell death balance the Icvd of matuie T cells. Thus, mature po- 
Eiphienl T ceQs may lespond wilh activadon4nduoed spOpCosis 
(AlCOy fbUowhig religation of the TCR/CD3 complex (ie» 17). 
The Fas Ag Is leoogmzed as one of the major cell suifooe Ags 
involved hi regulatiii^ the Uvd of efiector T cells by AICD (18- 
20). A critical role for Fas in thercguladon of inminnB homeostasis 
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is stroxigly sni^torted by the development of gencnixzed lysipho- 
'prolifeiative ifiaorders in'i^r and gU mice with mutatums in die 
genes for Fas and Fas llgand (FuL), ra^kectively (21, 22). How- 
evert although Fas ezpressiptt is nqpidly hiduced on activated T 
oelli, diey appaceady xequiie ceveial days after Initial Fas oxpsca- 
ston to develop susceptibility to Cl»S-niediated death signaling 
(18, 23, 24). Recem expenmeots demonstnte.diat acdvadon of 
*TNFRX/Jp55 and 'niFBS/plS also may contribute to cktleiion of 
mstmepedphetal T cells (25-^. hUerestingly, CD4^ and GDS*^ 
T oells have appaccsnHy diffisieiii sensitivity to TMP- and FtsLr 
mediated apdpcons (26). 

The ototoxic T lymphocyto-a iBtoniatB d Ag CRLA-^ la fucthor 
lmjp|i<^«t«/t as an inqvortant regulator of T ocU rag p o tu e > . The Ag, 
which is expressed on bodi acdvated CI>4^ and CDS"^ T cells 
(2Q, Is idJled to the CZ>28 mptecnlc and also binds the B7 ftmSy 
memben CD80 sndCD86 (7). Seveod^sdidies suggest a nuior xole 
for CIIA^ la controlling pmBfinfsticn and even mrtrtiitflng spo* 
peo^ QS9-32). ThtiSy mioe with a tairgoted mutation joi CILA*4 
develop a spontaneous and fiital lynipho^iifcradYe disease (32). 
Rutheano(e> studies of CnLA-i"'" mice showi that .dlA^ Ig 
treatment pceventg &tal lys^hppn^&fadon and suggea a role for 
CIIA-4 hi. the Indtirrion snd mamlenaooa of tidennoe (33). In 
coatiast.'CILA'^ hss also been IfnpKmtrd M coactxvation (28). 
NotaiUy, CD80 co$ttmulation of CrLA-4 promotes clonal expan- 
sion of CD28Hleacsent T cells (34). In addition, B7-CIIA^ m- 
teraction eohaoces'tfie productioa of antitumor CTL and rosistanoe 
to tumor challenge (35). Ihus, (ho biologic role for CTLA-^ has 
iiot been deatty established. (36). 

Other pathways may also inB^^rp^ T cell proliferation 

and survivalt sod loceiit icpotts suggest a role for CD47 hi co- 
stimuhdoa Ibe 50-kDa Ig gene supeifamily member CD47 is 
expressed on most human cells, induing immature and mature T 
eells. Stnictorally, CD47 is conqKued of an extracellular IgV.do- 
"I***" five tzansxnembruie donudns^ and a short cytoplasmic do- 
main (37, 38). As the molecule physicaily and fiuctianally asso- 
ciates with p2 mtegdns on seveial cell types, CX>47 is frequently 
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lefemd to as iiUepm^assodsted protem (EAF) (39). Specifically, 
zcceat studies demonstTXte that ooUsatioa of 003 and lAP (or 
CD47} may mobilize pStf'^, induce lLr2 prodnetiofk, and iaitiato T 
pfolifcxation independent of CD28 signaling (40-42X How- 
ever, liigb concentntions of int|-CD47 mAbs may also inlecfee 
with allogeoeic MLRs (42X dieceby indicating a possible dual rale 
for the Xg wipcrfainily member In regulating T cell responses. 
. Id this study we demonstrate tbatUgation of distinct epitopes on 
CD47 n^idly induces the deadi of activsted T cells, appaxtody 
independenliy of Fas and THFR signaling. Faifjuxwoic^ our woric 
suggests tbat CD47 nay be involved m (be legoladon of immune 
ies p oose»by activation of anovd death paduvay.Tbiia, esqnession 
of the proper CD47 Ugand(s) on APC nu^ rqneseni an efficient 
strategy lo clear preaetivated T cells. 

Materials and Metibiods 
mAbs and fhatdcals 

The OKn hybridoma (aoMDOc; IgC^a) was obtained from Araeiican 
type Qilttm CoQeetioa (fSmaxas, VA). ApoptosiA-laducing iiid-CI>95 
(CHU, IgM) was purebased fiom ImmuDotech (M^^ 
Ana-OH? mAbs 2D3 OgOlX B«H12 (I^GIX uci 1F7 (tgGl) have beea 
described pceviovsfy (37, 39). Murina IjBOt CMOPC-21) control and le- 
combinaat human 7XP-a «ad TKF-^ wot puicfaased firom Si^ma (St 
Louis, MOX Muiine IgM oacSxdi ^Cl^fC 1B3) was obcUned fiom Bio«P»- 
cifio (BnietyvUlB, CA|. Aiiti-CD120a (TNnU/^; UOt-PE3 and maJ^ 
CpUOb C^HPBXUftSx ][sOl-fS) were obtaiiiBd fiom Boehriager 
telbdm (HeideUyeiz, Omaqy). Aall-GD4 CteGt-FTrQ, aod-CDS OgOl- 
PB). IgOI-FTTC. and |g01-FB controb were pizRbased fiom Becton 
XMdnaaa (San Joae, CA), SM^ttariditt'FtTC wu dfataincd fcom Pakia 
(Olotinip, DenmaifcX std sn^iUvldin-iC was obtained fiom Sontfaen 
Biotecfa&dkigy Aasoelafeea (Bixniiii;Bb>m. AL). BeoQcoblaaat buman TH- 
FRX/Fb snd Pu-Fb cbimen wen obtained fiom R D Systems (Abing* 
don. UJL). KS biUbitor n CAe-T>r-V«L-Al»-AqKdi2onMne«fayl ketone; 
Ac-yVAD<MK) was purdiased fiom Calhiodicm JoUa, OA). iCB 
inhU>itar Z-Va^AlM,i^A*p-AaarainBdviicBbMiB <^VAMMC^ nd 
CPP32 Inhibitor A]>-Aip-01u-Val-AspHUdehyde (Ad-DEVI>CHO) were 
pmchBacd fiom Bachem PHnrfarmifcaiicn Oubcndof^ SwitTwrianif). Cy* 
mchalarin D was obtained fiom Calbjochcm (La JoUa, CA)^ 

mAb production, ceU culture, and trmfectants 

mAb AJ33 OcOIj^ wai raided ««ainst the huqaa T oeU Un^ Pn-285 (43) 
as prcvloDsly described ,(4^ Buman cdls wem eninired In |(FMI 1640 
supplemeated with i09frFCS, 1^ mM gtmamnte, 100 TUad peaildUin».aiid 
100 f^g/nd streptomyda CI>47-defideaibamaa Qvuiai rarntnoms OVIO 
o^ snd CIHT^exjitesBiag OVIO tiansfoctanu have been deacribed pie- 
^noosty (45). The bumn piomooocytic oea Hne USg?, Ifae fauman T ceU 
Ime Jti^ B6, and Judutderivitives JJtTd-T3J C^CRAfi/Cm defieteoi), 
i.CkMl.6 (defbcdve In pJ^*^ Idnase ea^aenteX J45.01 CCD45 defideoi). 
aadDl.l (CD4 negative) woe obtained fiom American Type Qiknre Gol« 
Ifictioe. OdU lines wem subcotmred evoy 2-3 days to m*itit»t»! cell dea- 
sideabecweea 1 X 10* snd 1 x 10^ cellsAnL EiqjkttjnMott wem pofoimed 
on 5 X 10* ceilsted cultured in 24-weU oeU colnim dutier pltfes OS24, 
Costar» Camhridfe, MA) unkss otberwije iodkated, Hmnaa FBMC wece 
is^sted by Lym^ioprep Olycomed Ptiarauw OalxK Norway) oentiifiifadan. 
AU ooUutea were grown at 37*C in a humidified S% Opx annos^^iBraL 

/?cw cytometry ' 

Ag expreitioo was dctennlaed with fiow cytometi^ aa pscrioualy de- 
scribed (46). Cells were finally washed twice in PBS and fixed with \% 
pAraferBuldehyde in PBS. Sample* wot aoalyaed aateg a FACSoit Oec- 
ton DicUnsonX and data were eoUeded fiir 10.000 cells: 

Ficw cytometric deterrmnation ofapcptosis and ceU death 

ApopCosis was deteanined by mooitoring changes in oeO sixe and gnou- 
Iflrity by flow cytometzy sad assestmeot of phosphatidylsedne (pS) expo- 
sure by ann^a V-FLUOS ^oefaiinger Msonbeim, Mannheim, pennany) 
binding according to the manufacturer's instnicdoos. ONA fhigmentstion 
was detenniaed with the TUNEL assay kit from Boefaiiuger MaonheinL 
Cell oiembnQe perauabilicy was sssesaed by detennining uptake of the 
DNA-biodiog fluorescent dye propidium iodide (PI; 2^ fig/ml) sfter in- 
cubstion for 10 mio. In each case data were collected for 10.000 cells. 
ThiCouot tubes (Becton Diddxisoa) '^»*^p*«g fluorescent-4yed mi- 
crobeads were used to assess feUtlve cell numbers. 
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¥X6UBE 1. mAb AdZl resets wHh epitopes on the l$y domahi of 
CD471 Domain speofid^ ibr Ad22 bindhkg was detamdned using OVIO 
mnsfoctants eqpiBsdng Intact CD47 ([AP-2) snd CD47 ligVdomsln&sed 
lo bmnan decay-accekiating ftctDr-g|yoQay1|ibotpbatidtyiiBositol (lAP 
IgV-GPO (43). OVIO and OVIO eelli tiantfrftnd widi vector and a ^^ 
iategdn csqpressicm plawrid (43) were t o cli id cd aa oeyatiye conXrols. Ag 
. expression (filled bistogvaou) was detennined using biotinylated Ad22 aod 
stieptavkUn-FirC followed by analysis with flow oytmnetry. Open hlsto- 
grams lepreseat staining with biodnylated control mAb. Both Ad22 and 
2D3 showed ledoced leacdviiy widi lAP IgV-QPI oompared widi lAP-2 
tiansfecthats (data not shownX 



Proiycraiion assays wUh immobiUzed mAb^ 

PtraltfiBtatimi assays were peifoi med in flat-bottom 9&microwell plaiea 
(Goate^ coated widi mAb (1« S, or 10 i«cAn]) in PBS OOO fd/welt) fbr 
20-24 h si 4*C Before the stattef oihun^ die mAb solotioos weieaspi- 
sated, aed each wen wai waafaed ibiee timea with 250 lU of PBS. Itokafc E6 
cells (S X 10^cellEM)^mmciihuiedfor24hwiaiaddltioaori f<aor 
i;>a}i^niidaoe (Amenhsni, Ayksbioy, U JL) to each w^ 
Gtlb were hsmsted onto glJM-fiber flhea w^ a Skatnn harrestv 
troa. LacakotjBo* Hocway), ud t*HItfaymklioe Inoatpocadoa.was detas- 
xnin^dosing a Betaplate scintillation counter (WUlac Oy, Tuitai, Hnland). 

nesQlts 

T full death is induced by actiMian of ifMnctl^^ . 
epitf^i 

The tocdonal rok<s) of CD47 an T cells is.not clear. However« 
recent studies suggest that QD47 nay serve as a costimnlatDty 
molecule in T cell acdvadon (40—42). We produced a new mAb 
(Ad22, IgGliO lencting widi die IgV domahoi of CD47 (JPig. t) in 
praximiry to epitopes defined by mAb B 6H 1*2 and 1F7 0^ 2) and 
addressed the ftmrlionaT role of tfads regian on hnman T oeila. 
Juifcat cells woe used as a piodel system, as these cells can re- 
spond With coactivadon or apoptosis foUowing engagement of dtf- 
focent intejgral ntembxane proteins (40*-42, 47-49). Surprisingly, 
ndctoscopic exandnadons and assessments with flow cytometry 
revealed that ludcat E6 cells incubated with Ad22 aggregated and 
showed mcnphological cfaaractenstics of npofp^^ colls (data not 
shown). To further detennine whether apoptosis could be signaled 
by activation of CD47, we exaaaiaed the impact of IgOlK anti- 
CD47 mAbs Ad22, B6H12, 1P7 (directed to adjacent epittTpes), 
and 2D3 (to a distant region) tising flow cytometry. 

During die early stages ot apoptosis PS translocates ficom die 
interior to the exteriof part of the plama membrane and becomes 
exposed at the apoptoctc cells (47). Anoexin V binds with high 
affini^ to PS and can therefim be used to identify cells in all . 
stages of programmed cell death (47). PI ordy stains lam apoptotic/ 
dead cells due to a rnfnpmmisrd cell membrane. Thus, staining 
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YlGfSSfE 2, mAb Ad22. B61U2, sod 1F7 bind ovedtpping or aiSaceo^ 

dfitBoniiie 0u Ad22 iModiag n^oaoa CIM7 nialivo tt> the tko reoogpaized by mAb* BtiHia, 1F7, tod 2D3. P1^28S oetb (1 X IQ*) iwm pcelncnbaied 
for 30 mia on fee with 50' fig of mAbi «^ 1f»tir«tr<t followed by Ad22-biodn (0125 p£) aad s(xepAvidto-FB a d rf ittfrn . Ad22 bbdiag (filled bistofnais) was 
deteanlaed wtlh flow cytomeoy. Open histogruni itpreseot atainins with isotype oomiol IgO^iioiin. 



wttfi both aODcxm V-PLUOS and PI will allow for dlsfingtiifihing 
between eady/lntBfme&tB apojp to tic and late apoptoCic/dead cells 
when the cells are anatyzed with two-color flow cytoto^try (FLl vs 
FLSD. To aasess ibe Impaci of CD47 «ngngftm#Mf^ Joricat £6 ceOt 
wena ctdtnied wi& «iiti-C3>l7 mAbs and mntatrnf^A for amiexin 
y-FUJOS UwUng and uptake of PI with flow eytometry. These 
studies dearly democstnted that Ad22 rapidly induced a matked 
inciease in bodi apoptodc (anneadn* V poaitive/PI negadw) and 
dead (annezin V posittve/PI positive) oeDa compaied vnAx control 
culliirea (Rg. 3iA and data not shown) even at low mAb concen- 
ttatkms OFtg* 3^- The response was readily observable within 30 
min. and tike effbct as detenniraed by amiexin V-FLUOS bindings 
reached a maximum widun ti^ first 3 h (Rg. 3C and data not 
shown). FUoctiicnnaic;, mAb iP7 abo induced PS exposure and up- 
take of PI (Fig. 3. A sadB), In contrast, no significant impact on 
PS exposure or uptake of H was observed with control mAb 
MOF021ortlieaati-CD47mAbsB6Hl2or2D3aaet 1. 3,or5h 
of cell culture CRg* 3, A and B> and daU not shown). Thtts».C047 
can tigiud apoptotic T cell death, ftod inAiction of a death response 
a|^)aren4y requires ligation of distinct esdtopea on the IgV domain 
of CD47, 

Role cffimcHonai JCR/CDSs CD4, CD4S, amip56^ 
sjgnaling in €D47Hnpdlated apopcos|8 

AICD of T oeillB plays a cddcal role in the regulation of Immune 
]e«|»onsas. During T oeQ activation^ TCR signals are inodulated by 
the tyrosine kinase p56^. ^hich ssmnafra widi the cytoplasmic 
domain of CD4 and CDS (50-52). CD4S expression is also re- 
quired for p56^ activation and TCR signaling (SO. 53, 54). For* 
tlicrmote, recent studies demonstxate that ligation of CD4 and 
CD43 can induce eliminatioo of T cells by spoptosis (48, 55-58), 
and that AICD of JurkatT cells requires functional p56'^(59. 60). 
Tluis. as Ad22 cqudly induced death of Juikat T cells, we adced 
whether CD47-induoed lyoptosis was related to AICD of T cells 
andAor required fltncUonal CD3, CP4, CD45, or p5G^. To address 
these issues. Ad22.re^>Qnses were assessed using established vari- 
ant JudEat T cell lines selected for defident expression of TCR/ 
CD3 (clone J.RT3-T3.5), CD4 (cloneDl.l).CD45 (done J45,0l), 
or defident pS^'^ signaling (done J.CaMl.6). As shown in Hg. 4, 
these experiments clearly demonstrate that Ad22 rapidly induced 
apoptosis of all the variant Judcat dLones as detennined widi an- 

ncxin V binding and flow cytometcy, la cimtrast, no cdl death ^ 
observed widi control mAb MOPC-21 or and-CD47 mAb 2D3 or 
B6H12 after 1 or 3 h of colture (Pig. 4 and daU not shown). Thus, 
CD47-indaced apoptosis apparently proceeds independent of the 
signaling pathways required to initiate AICD of T ceUs, 

Although CD47*tnduced apoptosis apparendy was independent 
of signaling required to initiate AICD of T cells, we had not ex- 
cluded the possible iavolveneni of CD47 as a coactivator in TCR/ 
CD3-indaced ^>opto^. Thus, to approach tliese possibilities. 



Jukat B6 cells were culnired wilh Ad22, 2023, or contrd mAb 
MOPC-21 widi or without the mitogenio anti-Cba mAb OKT3 
and rTamrnrd tor PS exposure and uptake of FI with flow cytom- 
etry, Ibe TCR/CD3-defideiit Juricat done J JtT3-T3^ was in- 
cluded as a negadve control. Xnteiestinfiily. these awi™™^^? 
showed a profound increase in anneirin V binding on Juricat B6 
cells treaied wifii Ad22 and ORT3 for 1 or 3 h con^ared with that 
onoells only UKttbatedwidi Ad22(Rg.5 and data not shown), bi 
contrast, no sfgniflnant induction of annesdn V binding was ob- 
served with a oonobihktioD of QKT3 and MOPC-21 orOKT3 and. 
2D3 (JPig, 5 and data imt shown), Bmbermote, OKTS bad no im- 
pact on PS eaqposure in the con^ cell line XJRT3-T3.5 (data not 
ahownX T^ken together^ CD47-induced apoptosis is apparently in- 
dependent of^early TCR-related signaling, but coactivation of these 
padiways enhances the apoptotic response. 

Unrestricted CD47 domains and an intact cytodc^Uton are 
reqiuredfar death signaSing 

T oefl death was observed with even low canoentradona of soluble 
Ad22, and sduble anti-CD47 mAb 1F7 aLio inrtnred PS externa}* 
ization 0^. 3). To fortfaer cotifirm and imdeEStand tbe distinct 
requirements for CD47 engagement in T cell death aignaling we 
first examined the responses of Jo^mt B6 to Ad22 foOowing prti- 
ino^Mition with excess •nti-CD47 mAb BfiHlZ or 2D3, Similar, 
experiments with ooiitrol mAb MOPC-21 were hyrXtiArA Based on 
assessments annesdn V binding with Bow ^rtomfitxy^ we fbuod 
that xuAb BtiH12, whidk interferes with Ad22 bhidtQg to CD47 
(Pig. 2), effidentty bkKsked Ad22*imposed dealh responses (Rg. 
6A). Notably, prdiocubation widi anti-CD47 mAb 2D3, which bad 
no inquLCt on Ad22-CI>47 inteiactlaas (fig* 2X also profbundly 
reduced death responses to Ad22 (E%. 6A). in contrast; MOPC-21 
had no influence on A<^22-indaoed.deadi of Judcat B6 cdls (Hg. 
6A). ThoB, KestrictionB in both Ad22-CD47 interactions and Ag 
Structure flexit^fity interfere with death «gMH«g Rirthermore. wc 
examined the effect of immobUized Ad22, 2D3, and odntrol mAb 
MOPC-21 on Juricat E6 cells cultured for 24 h. These experiments 
were based on assessmen ts of ['H]thymiduie incorporation, as tm- 
mabiUzed anti-CD47 mAbs induced cell adherence to die plasdc 
surface of die microtiter wells (data not shown). At all concentra- 
tions examined (1, 5. and 10 ^gM) we found Chat immobilized 
mAb Ad22. 2D3, or MOPC-21 had no Influence on Jwkac ceU 

prolifenitioa (data not shown). Thus, the mode of Ad22 pccsenta- 
don is critical with respect to fimcticmal responses. 

These data suggested distinct reqiurenents related to CIM7 con- 
formation and mobility for death signaling. As the actin cytoskd- ' 
eton may be involved in receptor reorgaxuzation and signaling 
(61), We foitber addressed ttie requirement for an intact actin cy- 
toslodeton in CD47-mediated death signaling. In these e3q>eriments 
we examioed the effect of Ad22 on Jurkat E6 cells with or without 
pretreatment with tiie actin polymerization inhibitor cytochalasUi 
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FIGURE 4. C£H7 slgaals apoptosb iiid£{kendeat of fbactioiul CD3, CD4, CD45, or pS6*^. Variant Jui^ eeUa <fefideat b TCRa^CD3 (J JIT3-T3^. 
CD4 pi.l). CD4S (J43.01), or p56** (JcaMl.6) were cultured with »nii-CD47 mAbs Ada2, 2D3, or cotrtioi mAb MOPC-22 (1 fifi/ml) for I h «»l 
examined fior anoeun V AUbS bindiac with flow cytomeoy . The percentage of annexin-V-positive cells fbUowlag Ad22 incubatioa (loliit, bold lines) 
1b indicated, the ocber histograiiu represent annexia V-FLUOS sCaining foUowiog MOPC-21 (toUd lines) and 2D3 (dotted Unea) Incubadon. 
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AnMgdhV.FUUO8bindin0(log) • • 

^irL'i^^?^!^ ^F" for " h " Micitod indexandned for anaenD V-PLUOS bindiiig and upUfce of H «Ub flow cytDmetty. TT* 

miinbcr* it die Indicate the percent ' ' 



D. Cdotrol aqperiments with M0P&21 were bIbo iBdndcd. Based 
on issessmeats cf Awmmn y hjiwHng with flow cytometiy we 
found that ktecfeiencc wiQi actm polyiafirizatioa prof oimdly le-' 
dttcod death lesp on s e a fioUowing CIH7 CQgi^gemeot (Bg. 60). 
Taken together, dei^th signaling by CD47 apparently ^tices an 
imcestiicted and fleodfale Ag' structuie and involvement of the acdn 
cytoskeletoo. 

CD47-in4uce4 opoptosig is independent qf TNFK and Fas 
signaEng 

TCR-fauhioed apoptosia can result ftom TNFRI^5, TtVWVplS, 
mod Fu activation (25-27), Thus, to assess whether these TNFR 
supetfaiilily membcis and related agnaihij pathways were in- 
volved in CD47-nicdiated spopCosis» we first examined the impact 
of recombiiiant human TNP-a and THB-fi (tern 10 pgAnl to 1.0 
l&g/ml Ui increments of iO-fbld) on Juikat E6 cells in shoit tenn 
culnucs Tbc TNP-scnsltlve human promoaiocytic cdl line XX937 
Was indndad as a positive oontroi to confinn cytokine activity. 



A 




• Annoxtn V-FLUOS blndfa^ (loo> 
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* Afwwxfn V-FLUOS blndktQ (log) 

FIGUSB & Ad32-iaduced cell death Tec[uiies an tmicstxictBd CD47 Ag 
and Intact actia cytosleeletoD. Jvlat E6 cejb wen pceincubftted with 1 
Mg/ml B6H12, nr 2D3 for 15 mia as indicated and fiizther 

cultured with 0.1 iigMU AdXlfcvih. A. Ju^E6ceUs^efecu^ 
1 i^g/oU coDtrol mAb MOPC-21 or Ad22 with or inthour IS-mia pcetieat- 
widi 20 fLM cytochaUsin D for 3 h as Indicated. Apoptods wu 
dotennined by examining anoeiOn V-PLUOS bbdin^ with flow cytometiy- 



Hiese studies revealed that the GjrtokinM had no effect on PS ex- 
posure on Juikat £6 oeUs following 3- and 5-h cutmi«« (data not 
shown). In compAiisim, control cnltuves with Ad22 reapo^^^ 
extensive. PS exposure as ptcwaafy observed (data not shown). 
Qilturea with U937 cotifirmftd cytokine activi^ and revealed aig- 
nificant death responses with ooooentradoos as Iqw as 10 pg^nl for 
TOP^ and 1 00 pg/ml for THB-fi after 1 8 h (data not shown). Plow 
cytometric assessments revealed low exp««uioa of CX>120a and 
undetectable eacpreaaion W CD120b on Juikat B6. whii« both 
ceptom were deady expfoaaed on XJ937 (data no shown). To fur- 
ther exandne whether Ad22 in^osed increasedlNP sensitive 
T oelk. we petfoitted G^erinoMnU to assess the is^tftct of Ai^ 
Jurkaf E6 cells ptuncubated vvith sohihle human recombinant TK- 
• PRI/Fc to block TNFR-TOF interactions or with control IgG 
(M0PO21). Onttol culmrea witfi U937 incabated with recomfai- 
' nant TNFIU^ or MOPC-21 and INP^ or TSP-fi (10 and 100 
Qg/hU) ware also induded. We found no interfinence of soluble 
faunum recomlnnant '1Y4FKI/Pic with tlK ahlH^ of Ad22 lo Ind wrr 
PS exposure on Jhukat E6 cells after 1 « 3 h of culture CPSg- 7). In 
.contrast. TS^PBI/Be p c et i emu ieat of U937 ceDa prolbun4ty Inter- 
fered widi INP-c^ and XrO^^-induced ceU 
not shown), XliuSp CIM7*indiioed qxjpcosis SEpare^ 
Coed by promoting TNF-a or TSB-p interactions with TNFRa and 
subsequent activation of the TSFR rignntTwtj pathways. 

' Judot B6 odla express CD95 and initiate programmed cdl 
deadi follawing incubation with the antl^'as mAb CHll (47). To 
drl«Tn1nft wiwtiiBr Pas activation ^ initiated by the Ad22 mAb, 
we first conqnared fiie kinetica of annexin V Undmg to Ju^at B6 
cells following incubation with 1 figAnl Ad^ or CHll. Itiesa 
assessments showed ttiat even alter 6 h with CHll, the percentage 
of annexin V-positive cells had not reached die same level as that 
of Juxlcat E6 cells mcubated widi Ad22 far 30 min (data not 
Shown). Ftirtheimore, we also detecnined the impact of Ad22 on 
Juxfcat E6 cells pteincubated widi human recombinant Fas-Fo chi- 
men to block Fas-PasL interactions or with contiollgO (MOPC* 
21), Control cultures with CHI 1 were inchided. These assessments 
dearly revealed that wliereas reoonibinant Fa9-FC abolished the 
effect of CHll in 6-h cultures, blocking functional Pas-FasL in- 
teractions had no impact on ti)e ability of Ad22 to iztduce PS ex- 
posure on Jurkat cells after 1 or 3h (Fig. 8). Thus, CI>i7-mediated 
apoptosis apparently proceeds without Fas activados. 

Apopcosis may proceed with or without DNA flragmentatioxi. 
Thus, wliereas Fas-activated ceU death involves DKA cleavage 
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ncCRE 7. CD47 mediates T cell death inde- 

wen pRincu* 
bated for 15 mia with 1 fi,gM cootrol 
(MOPC-21> oi leocHnbuumi hnnan TKFRIff^ 
wen&itfaercdtured wimi ^|^AdQ2fbr . „ 
3Ji(Juilat£Qorwifiil0itgAiilXMF-aarTNP-p^ S 
for 19 h (U937) u lQdh:iitod. Apopcosit was de- . 
tenulDfid )iy i*T"^"'«*j anofixia V^FLUOS Und- 
iog witb flow c^ftometiy. Resolti are i^zesentative 
of two aepcRto eipetuBiBati. 



JuriootEO 

Ada 3h 




Annvxin V-RJJOS UMtrg (lOQ) 



iotD oUgoaudeo9omea (47>. CD45 Ugatioa may induce apoptosis 
wittimit obsemftOe DNA fimgzneatatiaii (48). To fiixdier addre» 
liow CIM7KnBdiated apqptoms proceeds, Jiu^ 
.tined with anti-CD47 niAba Ad23 or 21)3 v oouiit)! mAb 
MOFC-21 for 1. 2, or 3 h and mraminrfl for iaductioa of DNA 
fragmentatioa vdtti die ItXNEL assay. Jurkat fi6 cultures treated 
wilh the apopCosis-indiKni^ Fas mAb CHI 1 fior 6 h woe i^^ 
as positive controls. Id these studies p-Ttaminaftons with flow cy- 
tametty showed no characteristic DNA nicfa fe3 lowing itimhart^ 
with Ad22 or 2D3 (15^ 9 and data not shown). PutdienDOie. as 
combined OKT3 and Ad22 treatment showed enhanced i>«w#^yp fcn y 
trindi^g comjiiared with Ad22 alone (H^. 5). we ainilarly esuim- 
bed the impact of CDS and C3H7 costimulatiQn with Che TUNEL 
assay. These cj^edmcots levealed no sigidficant itioease in staliK 
sng intensity in cultuxes with both OKT3 and Ad22*con4»ared with 
that in odtoces wiOi 'Ad22 atone or in GonliQl cultu^ 
dsta not shown). However, in contrast to Ad22» CHll dearly 
duced DKA fragmentation 9>. Taken together, CD474nedi- 
ated QKsptosia apparenay proceeds independently <tf INFRs and 
Fas ittvolvemeat and does not involve DKA fragneatation. 

Itoto cflCB and CPPS2 

Activaticm of ICB- and CPFSX-filoB proteases is xeqtured as a 
downstxeam event to acconopiish programmed cell death folio wing 
ll^FRs and Fas ligation (£2, 63). To addiesa whedier XC8 and 
CPP32 activitiea .also were involved in Cm7^nediatBd ^optosis 
we assessed die impact of qiedfic ICB and CFP32 peptide inhib- 
itors on Ad22-induced responses of Jaxkat B6 cells. Control cul- 
tures with CHll (anti-Pas) were also induded. Jutkat E6 cells 



were pimincubated for Th widi the ICS infatbitDB AO'Tyr-Val-Alfr- 
A8p-clih»oineti\y] ketme and Z-Val-Ala^j^Asp-aaoiamethyl- 
ketone or the CFP32 inhaxitor Ac-Asp-Ohi*Val-Asp4dddiyde and 
finrtherci2ttttcedfolor3hwidiAd22arMQPC-21 orfor6hwith 
CHll or iso^ype control mAb TBPC 183. Apoptosis was deter- 
mined by assessment of annexin V-PLUOS binding with flow cy- 
tometry. These exprrimpnts showed Chat wfaeseaa Fas-mdiated ^>o- 
ptosb was .greatly supprossed by peptide hihihxtors of ICE and 

.CFP32, the apoptotio response Induced by Ad2a was not signifi- 
cantly inflnmred by blocking IC& or CPF32^1il:B activity (Table 
1). Thus, CD47-med2atcd death of T cells does i^aiently not ic- 

. quire ICB and CFF32 involvenieat. 

C047 4ignah death of CDJ-MtiifuOated, but not resting, ttonnai 
•Teens 

Matm T cells can be *<tKmtf«>»^ by FasL^ or TNP-iaduced apo- 
ptosb Allowing leactivadon of the TCRA3>3 ^wipim t (15, 17). 
Although CD47*mediated apoptosb seems to proceed indepen- 
dently of tticse death pathways, we asked whetlter resting or anti- 
CD3c-stimuIated nonnel T oeJIs also lespandBd with cell death 
when challenged wifli the Ad22inAb. To address the role of CP47 
sjgnslfng in T cells, we dpirnnined the impact of Ad22,.2D3. and 
coatiol mAb MOPC3-21 on nngriTmiUf*^ and OKT3-«timnlated 
PBMC in short term cultures. In tiiese expedments we used Thi- 
Count tubes containing a known number of flnocescentHtyed mi- 
crobeads (counts) to determine relative numbeta of lymfihocytes 
following DiAb treatment,- with flow cytometty* The region lepre- 
senting Mving lympho^tes (Rl) was defined, and die number of 
cells in Rl was determined following "twpii^c of 2000 reference 
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FIGURB 8. CD47 signals apoptods itu^m- 
deot of CD95-CD93L intwirtioat. Jorkat B6 ceOs * 
wen pnincubated Ibc 30 min widi 10 pg/bol coq- 
trol IgO ^OPC*21) or lecombiuaot human 
Fas-Fc chimm and fiiitber culntred with 1 ^j^ff^ 
Ad22 or 1 ii^nl CHll as indictted. ApopbosU 
was detBnmned by.examining annexin V-FLUOS 
btnidioa with flow cytoautiy. Results an xepruea- 
tstive of two separate axperimorts. 
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OKTS 




Log fluonmnce htomfty 
nGURB ^. mAb Ail224nifaoed qpopcorii pioceedi witfaott cbmcter* 

«rM0PC-21 wimorwimottOlCn (1 

«n 1 or isotypA coatnil mAb TBPC-183 H for 6 h as indicated. 

ftaffnctttatkm was caunihied widi the TUNBL assay. Ihcaqwrated 
W0tnirl6HlUTP was dctwmiiied using 1^ 
^^poceatage of rtabied odb is ialk^ 



bcftds. With seven diffcrexU doxKir$, wc found comparable mimbeii 
Of lymphocytes in Rl when iimtfiimilnted PBMC wm incubated 
with Aii2a, 2D3. cviso^ control mAb MOFC-21 for 24h Otg. 
10 juul data not shown). On die aimge. w& found 9L1% (nnge, 
78.0-101.1%) of the nocnber of celh in Rl widi Ad22 and 99.4% 
(ranSQ»S7.9-m7%)oftfaeinimberofceU8inRI witb2D3o^ 
pai«d with ainular cidtuiea widi MOrc-2I. In contra 
wcTO iicestiiiiiitatBd fbr IS.h with OKI3 and tiM 

to 6 h with Ad22, we d»emd a madoed decrease m the nik^^ 
« uviiv lynydiocyties cQBipated with tfaa^ 
MOPC.21 or.2I>3 (PSg. 10 and data not diown). Of 12 cfifftent 
uncles of OKTS-stimulated FSMC. 1 1 responded to Ad2a with 
a HHhictlon in thi number of bonphocytes 
cultQies withMQPC-21. On the avenge, these donoEs had 66.9% 
(cang^ 52.1-95.8%) of the number of lymphocytes conmand widi 
similar cMlhues with MOPC-21. Wth 2D3, we (observed in aver- 
age of 99.9% (range. 76.1-124%) of the number of cells in Rl 
oompared with MOPC.21. Studenfa t test 8lM>wed dgnificant re- 
nwnses to Ad22conq>ared wittiMOPC-21 and 2D3 (p < 00)01; 
no date overiap) and noin^t of 2D3 compared witfi M0FC.21 
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(p > OS). Rirthcnaore, both activated CD4* and CDg+ cells 

OTcared to be «ensitSvc to Ad22 treatment (data not shown) Tims 
activated, but not resting, nonnal T cells were sensitive to' death 
signaling >y CD47. 



T ceU. ^popiosis plajra an iinportant tolo in conti^^ 
n^qwnses. In d» presem woA we have denw^ 
ment of distinct ^tppes <m CD47 xapid^ ai^iala T ceU death 
. independent, of the TOPRI4>55, THPRWpJS. or Fas signaW 

pathways. Thus, the data presented suggest that CD47 ma^^ 
sent a novel pathway for effideat deaiance of activated T cells. 

Recent shidies implicate aM7 m divwe Wnlogk^ 
In fliia context, a critical irfe fiH- C1M7 in regulati^ 

nOgration and activation of .PMN has been demon- 
stxated nsmg CD47-dcflcient mice (64), CD47 may also execute its 
fimctioos mrt rp rn dra t of fe hitegrias. Thus, it has icccsithf been 
shown d»t oration of CDS and CI>47 on T cells, which do not 
expiw ft integrins, may enhance n^2 pioduction and T ceU pro. 
lifcration independent of CD28 aigiialing (40-42). Our stodscs 
apparenUy add hiducdoa of T cell apoptosis to Uie ^ integrin- 
indcpeodcnl biologic r e pet t ol re otf CD47. 

TheamKI^7niAbsB6H12and-2D3iecogni2C<fisdnct.non- 
overiappingregidosof a>47 assodated w^ functional jS^ int&. 
grin hitamctiona and T oeU acttvation, xeapeotively (39, 40), As- 
sessments widi competitive mAb InndiQg and flow cytometry 
revealed that Ad22, Bffll2, and 1F7 recognize owiifi^Bg or 
adjacent epitopes on the extracellular l^gV domain. Thus, dkese 
mAbs apparenUy define a unique region on CD47 assodsted with 
fbDctional "ft htt^grin association and hidudion of T cell qxipto- 
ris, respectively. However, aaawsmims with Juifcat T cells re- 
vealed tfiat Ad22 and tF7 were unique among the anti-CD47 
mAbs tested and were the only ^bs capMe of hubichig T ceU 
. death. Distinct death signaliag by CD47 was ifiiecttyco^ 
bodi BfflX2 and 2D3 interfered wijaiAd22 responses. The ftcttfairt 
2I>3, m contrasL to B6H12, nonccmpedtivcly hihiblla tbe death 

nqKmse to Ad22 suggests that a dUtinct coDfoimadon or coof^ 
mational diange in a>47 is tcqnired for ieath sjgnaHn^ 
more, CD47 signalling appeared to be easity activated by proper ' 
stimulation, aa low concentrations of Ad22 could hiitUte death 
responses, and moreover, the kmetics of PS exposure and PI up- 
tate suggested a rspid transition thtou^ tiie apoptotic (annexhi 
V*"/PI") stage. 

T oeU susceptibility to diifcrent forms of ittgative signaling dcH 
pcnds on tfie difficrentiatiott stage. Developing thymocytes may" 
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FIGURE 10. mAb Ad22 Induces cell death 
of CD36"acUvtted, liut not mtiog. T cells. 
PBMC(1 X 10^ ceUs/mD were incttbited with 
Ad21 or int^ contiol mAb MOPC-21 Q 
jijiftY^i^ u Indicited uid f jFj npinwi for Ifao ef- 
fect oa oelt viabili^. Ke^oo Rl defines living 
^mphoqytet, tod the impect of floAb trestmeol 
wu detennmed by enumenlioo of oelb in tins 
ceglan ust^g TtvCoum tabee tnd flow tytator 
etry. Followiiig fanaibarion, huvetted cells 
weio tesutpeaded ut tn eqaaliraluiM of boffin 
and tnittfbfnd to l^uCotail tubes t^M^iwAng 
ianown munben of fluoveseeot miorobeads 
(cdbots). Uqder eedi ooodilioii 2000 mi- 
erobesds were colkictHl, wad tbo nuoiber of 
yyrmghocytn is legtoa'Rl was dstBanlned. 
The noniben above each plot njpeuaX the 
aamber of ceHs in n^on Rl and ttie pexoent- 
Mgp of oelb In ChU re^on cocopaied with tfaat 
in coQCiQl culture with MOPC-2t Upptr 
panet. Resting PBMC were facwbatod widi 
miAbs for 24 b and examined for the unmber of 
oetla in Rl. Lower panel, PBMC ■rimnfaitcd 
with thflan(t-CD3£inAb 0103 <1 for 
IS h were finally cultured for an addltiottal 6 h 
with Adl2 or KfOFO-21 and then analyzed. 
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respond with apoplo^ fbHowiag actlvatlao of CD45 (58) and 
CD99 (49), suggesting a cole for these molecales m T cell selec- 
Hon. However, as CI>47-4eficicat mice show umnal devcslopment 
of C3>4^ snd CDS^ T odls Cftcdcrik P. Undbcxg. uiqiublisfaed 
bbservatioos), OM7 has a|>paieiitly no function in the negative 
selectloii of T oella. 

CDS, CD4S, and die Stc kinase pS6^ control eatty events in 
TCR signaling. I^izthecmore, CD4 aignaling thtay also be iiiyolvod 
in tegulatittg AICD of T ceUs (5S-^7). However, in the context of 
CI>47-mediAtBd apoptosis, we found no xequsemeats for func- 
tional CD3, GD4| CD45» or ^96*^* Tbese flndii^ suggest Ibac 
Ad22^induced ftp<^>tosia is not oontroUed by eady signaling events 
associ at ed with TCR signaling. lotctpstingly, we also excluded the 
possibility that CD47-induced- apoptosis pioceeds by functional 
engagement of CD45, which recently has been implic ated-in T and 
B ceU apoptosis (48. 58). NotaUy, coligatioci of CD47 and CD3 
induced a tSgnificant increase in Juikat T cell apoptosis, as judged 
Vy annezin V binding. Thus, coactivation of distinct CD47 
epitopes and die TCR/CD3 complex may lepfcsent a dranxatic 
challa^ to ptolifetating T cells, resulting in unusual rapid elim- 
ination of the cells. 

INP- and PasL-mediated apoptosis are recognized "as mi^or 
pathways in AICD of mature T ceils. (18-20, 25-27). However, 
CD47-induced T cell death signalhig proceeded indepeodeatly of 
TNFR or Pas ligatioa. lyvparBudy by a novel signaling pathway. In 
this cootext, programmed cell death may proceed with or without 
DNA fragmeatation. Thus. F^mediated apoptosis proceeds with 
DNA fragmentation into oligonudeosomes (47),- whereas CD45. 
CD99, and HLA class I-mediated apoptosis do not involve observ- 
able DNA fiagmentation (48, 49, 58, 65, 66). Comparison between 
Ad22* and CHll-induced apoptosis using the TUNEL assay fur- 
ther demonstrated distinctions between the CD47- and Fas-medi- 
ated apoptotic pathways, as Ad22 imposed no charactctistic DNA 
fragmentation even when cells were costimulated with OKT3. An- 



othel- distiact feature of Fas-medial iqx^rtosis is (he xequiRament 
for JCB- aDd 'CPF32-li]ce jnoteases (62), which wen not' needed m 
CD47*induced T ceU death. In contrast, Ad22-induoed T cell death 
revealed dote leaemhbmoe to die chaiaotedstio apoploala associ- 
ated with disdnct CD45 aixl HLA dass I dgnaliag (48, 65, 66). 

Whexeas substantial Infhmwtion has recently been adikved on 
how Fu and TNFR sigiialing activate the cell's death pro^m, 
basis for apoptosb ptoceediAg widtoat caqrase oc DNA endonu- 
dease acdvatioa is not dear, but these novel pathways msgr tep- 
leseat optional, ftsl deadi sttate^bs for effici<anl clearance of ae- 
tivaled cells. NotaUy,T cdla xequim days to develop susceptibility 
to Fas and ir^FR-mediated oeQ death (18, 23, 24, 2^ Tfws. al- 
ternative deadi pathway*, as represented by CD45 (48^ 58) and 
CD47, may be required to coiitrcA FasL- and TNF^uensidve T 
cells. Fkirtfaennore, as some virus may interfere widi easpaae ac- 
tivation and thereby dw indu^oa cf conventiooal progranuned 
cell death (67-69), the immime system may also d^end on op- 
tional caspase-independent apoptotic pathways to duillenge these 
infections (66). Notably, nctivadoQ of Pas-indqpendent and non- 
classical apoptosis has also been Implicated In HTV-medioted de- 
pletion of CD4* T cells C70, 71). 

In three, recent studies purified T cells and immobilized anti- 
CD3 and aati-CD47 mAbs were used to address die role of Cp47 
on normal T cells (40 -42). The reporU demonstrate ttie ahility of 
' CD47 to costimulate T cell activation provided tlud the mAbs are 
presented immobilized on the same surface; In contrast, addition of 
soluble anti-CD47 mAbs had no stiniulatbry effect even if tiiey 
were cross4inkBd. Furthermore, high doses of soluble anti-CD47 
mAb 1/1X4 interfered with T cell prqliferatioa after atimulatioa 
with suboptimal numbers of dendritie cells (42). However, lA A4 
did not influence allogeneic MLR induced by optimal numbers of 
dendritic cells (42)*. Our studies with Jurkat cells tevealed that 
CD47-mediated death signaling apparendy requires an unrestricted 



^tlie JduxhaI of Imnumology 

«ttd flexible Ag «mic(ureL The impjwts of Ad^ 
ii^ cm Donnil T cdls were flddreaaed using PBMQ as te^ 
<fitioftt include cosignalmg provided by die oomial, hemopoietic 
cfJlular cnvinnimea^ induding Cl>28 awtixmilatioiL While Ad22 
disdosod no impact on dnrtimulated T cells, preactivattoa with 
OKp induced « madced T Jynqihocyte seadtiviw to short te^ 

tealment lima. CIW. lito 
to.fiMiuw diat cjtpccsrion Gf the itapec^ 
tngger ^K)irtosi«, but dq»end on prtK:tivi^ 
Taken together, die outcome of CD47 cag^gement on nonnal T 
celb is apprnjiay drt mntn cd by dieir scdvation ttatiu and die 
spodflc CD47 legion, activated. 
CD47 Uganda indiidng T ceU activation ax apqptoria have not 
. w«w«tttified However, die Ad22 and 1F7 binding shoaeems to 
be ej^oaed «t die IgV domain of CD47jiear toe B6H12 epitopes, 
wggeating eaty access ibr figands iHcscnted or 
cdh as wen M interactions widi molecute 
T ccU. Activated T oclli induced to eaq^ess a fUnctiooal CIM7L 
^countering OMTL presented on APC would expectedty be ef- 
ficacntfy el im i n a te d. Recent xqmts denoonstme ttiat transfozmed 
cdl» jMy use a ahniUf strategy 
FasX* \72» 73)u 

In coBclaaioii, we have found that ligation of distinct CD47 
^topes r^diy induces INFR- and Fa^ind^^wnden^ 
ti vaied T cells. This may indicate diat CD47 has a physiolofflcal 
p^e in dearanoe of activated T celk lof a no apoptotic pett 
pus, It win be hnportam to provide furdier undCRrtanding of 
involvement of CD47 in Oiciegulatico of immune ttsponses. 
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